Introduction
Compounds in the system Ge-Sb-Te (so-called GST materials) with the general formula (GeTe) n Sb 2 Te 3 are widely used as phase-change materials (PCM) for rewritable optical data storage media and in non-volatile PCRAM devices. [1] [2] [3] [4] Data is stored by means of a reversible phase transition from a metastable crystalline to an amorphous phase of the PCMs, which involves significant changes in the optical and electrical properties. Consequently, erasing corresponds to recrystallization. The performance mainly depends on kinetic effects as a fast transition between the amorphous and crystalline phases is crucial for efficient write-erase cycles. The substitution of thin-film GST materials with Sn 5-10 increases the crystallization speed which enables fast erasing. It additionally decreases the melting point, which is favourable since it means that less energy is required for the amorphization. Both effects are due to the lower average bond dissociation energy of Sn-Te compared to Ge-Te. 11 As the material properties required for PCMs are, at least in part, similar to those of good thermoelectrics, 12 metastable GST materials turned out to exhibit thermoelectric figures of merit ZT of up to 1.3. 13 ZT depends on the Seebeck coefficient S, the electrical σ and the thermal conductivity κ; ZT = S 2 σTκ −1 . Approaches to improving the ZT values focus on either influencing κ or the power factor S 2 σ. However, both are interdependent according to the Wiedemann-Franz law (λ/σ = LT; with Lorenz number L). Sn doping should influence the thermoelectric properties as phonon scattering is enhanced when an element with a different atomic number is included on the same Wyckoff position. 14 In (GeTe) n Sb 2 Te 3 phases with n ≥ 3, quenching the disordered rocksalt-type high-temperature phase (stable above ∼500°C), which corresponds to the metastable crystalline phase of PCMs, yields metastable pseudo-cubic materials with pronounced nanostructures. They are often characterized by irregularly spaced and often intersecting defect layers 13, 15, 16 with limited lateral extension whose concentration depends on the GeTe content n. The highest ZT values (1.3 at ∼450°C) were observed for quenched phases with n = 12 or 19. 13 At temperatures below ∼500°C -the exact temperature mainly depending on n -, layered trigonal phases of (Ge 1−x Sn x Te) n Sb 2 Te 3 with less favorable thermoelectric properties are thermodynamically stable. They are formed by long-term annealing at temperatures below the existence range of the cubic high-temperature phase or during very slow cooling. These phases contain distorted rocksalt-type slabs with alternating anion (Te) and cation layers (Ge/Sb) which are separated by van der Waals gaps. In the case of 9P-Ge 2 Sb 2 Te 5 or 21R-GeSb 2 Te 4 , these slabs consist of 9 or 7 alternating anion and cation layers, respectively (compare Fig. 3  and 7) . 17, 18 Sn-doped GST materials are a challenge for crystal structure determination as elements with similar electron counts (Sb, Sn, Te) are often disordered in comparable systems. The almost non-existing scattering contrast requires resonant X-ray diffraction to determine the element distribution over the Wyckoff sites present. [19] [20] [21] In diffraction experiments with wavelengths near the absorption edges, anomalous dispersion significantly changes the atom form factors of the respective elements and thus enhances the scattering contrast. promising method to get a deeper insight into the structureproperties relationship of thermoelectric Sn-doped GST materials.
Results and discussion
The solid solution series (Ge 1−x Sn x )Sb 2 Te 4 (x = 0-1) 23 The trend of the lattice parameters is linear according to Vegard's law over the whole region of the solid solution (Fig. 1) . The occupancy factors were chosen according to the results of the singlecrystal structure analysis based on resonant scattering data (see below). The occupancy of Sb on each cation's Wyckoff position was fixed to the value of Ge 0.6 Sn 0.4 Sb 2 Te 4 and the difference to full occupancy was filled with Ge and Sn according to their site preference ratio from the resonant single crystal refinement. With increasing Sn content, the bond lengths between cation and anion positions slightly increase according to the Rietveld refinement results; however, the standard deviations are rather large (cf. Fig. S1 in the ESI †). Yet, this reflects the larger ionic radius of Sn in comparison to Ge. Fig. 2 shows the result of the Rietveld refinement for Ge 0.5 Sn 0.5 Sb 2 Te 4 , the other plots are given in the ESI (Fig. S2-S4 †) . Crystallographic data are summarized in Table 1 , the refined parameters are given in Table 2 . In order to precisely determine the element distribution, a single crystal for resonant diffraction experiments was grown by chemical transport (cf. Experimental section). Energydispersive X-ray spectroscopy (EDX) yields a composition of Ge 9.5(5) Sn 6.0(5) Sb 28.7(3) which is depicted in Fig. 3 . [25] [26] [27] [28] [29] The three slabs per unit cell are separated by van der Waals gaps with Te-Te distances (between the atoms A2, cf. Table 4 and Fig. 3 (Fig. 4  and 5 ). The average c parameter from TEM experiments is 41(1) Å in accordance with 41.346(3) Å obtained by X-ray diffraction (Table 1) . No phase separation or exsolution was observed; the sample is homogeneous. In the SAED patterns, as well as in the Fourier transform of the HRTEM image, every seventh reflection is strong, which indicates that there are seven layers per rocksalt-type slab corresponding to a trigonal structure (R3m) with a 21R stacking sequence. The variance of the interatomic distances derived from X-ray data is also visible in the HRTEM images; they show sequences of 7 atom layers separated by van der Waals gaps (Fig. 4) . This is confirmed by image simulations based on the structure model Tables 1 and 2 ) with calculated (black) and measured (gray) tilt angles between the zone axes.
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This journal is © The Royal Society of Chemistry 2014 Table 5 , the refined atom parameters are listed in Table 6 . A single crystal obtained by chemical transport was used for resonant diffraction experiments in order to precisely determine the element distribution. The composition of the single crystal was determined by SEM-EDX. Taking into account electroneutrality, the formula is very close to Ge Fig. 7) . Further information about the structure analysis is given in the Experimental section, Table 7 presents details of the refinement; refined atom parameters are given in Table 8 . 5 show metallic behavior in their electrical conductivity σ, the absolute values are similar and lie in the range of poor metals (cf. Fig. 9 ). Compared to water-quenched GeSb 2 Te 4 and Ge 2 Sb 2 Te 5 , which exhibit the crystal structure of the corresponding stable 
Conclusion
Homogeneous bulk samples of Sn-substituted GST materials have so far been investigated predominantly as thin films, because their performance as PCMs can be enhanced by substituting Sn into the structure. 5, 6, 10 Compounds with a similar composition but a different structure could be obtained as bulk samples by quenching stoichiometric melts of the elements involved. The layered phases of Ge 0.6 Sn 0. The position near the van der Waals gap is preferably occupied by Sb, whereas the position in the center of the distorted rocksalt-type slabs is shared by almost equal amounts of Sb and Ge. Sn shows a slight preference for the position near the van der Waals gap. This element distribution can be explained by the unsaturated coordination of the Te atoms next to the van der Waals gaps, which can be compensated more effectively by Sb 3+ than by Ge 2+ due to the higher formal charge. The polarizability and covalent bonding character may also play a role and explain why the behavior of Sn is comparable to that of Sb, yet to a lesser extent. The Te-Te distances at the van der Waals gaps are nearly the same for all of the stable 21R-type and 9P-type compounds whereas the cation-anion bond lengths increase slightly with increasing Sn content. Layered GST materials substituted with Sn open up a field of easily accessible thermoelectrics which can be produced as a bulk material in large amounts. The use of Sn instead of much more expensive Ge may also reduce the cost significantly. As these layered phases are thermodynamically stable, the thermoelectric properties are not influenced by changing nanostructures or by decomposition. The results concerning the element distribution and the distortion of coordination polyhedra may also be valuable as a model for PCMs in order to describe the local environment in amorphous and crystalline thin films of Sn-doped GST materials.
Experimental section

Sample preparation
Bulk samples were prepared by melting stoichiometric mixtures of the elements Ge (99.999%, Aldrich), Sn (99.99%, Alfa Aesar), Sb (99.9999%, Smart Elements) and Te (99.999%, Alfa Aesar) in sealed silica glass ampoules under an argon atmosphere at 950°C (for 2 h-24 h) and quenching in water. Subsequently, the samples were annealed for about 48 h at temperatures between 450°C and 590°C (detailed information can be found in Table S1 in the ESI †). Samples for thermoelectric measurements (ca. 3-4 g) were melted at 950°C (2 h 
Electron microscopy and X-ray spectroscopy
The composition of the single crystals used for structure determination was confirmed by energy dispersive X-ray spec-troscopy (EDX) on planar crystal faces using a Jeol JSM-6500F scanning electron microscope with an EDX detector (model 7418, Oxford Instruments).
For TEM investigations on Ge 1.3 Sn 0.7 Sb 2 Te 5 , a finely powdered part of the sample used for thermoelectric measurements was dispersed on a copper grid coated with a holey carbon film. Single crystals of Ge 0.75 Sn 0.25 Sb 2 Te 4 (EDX analysis see above) grown by chemical transport were embedded in two-component glue and placed between silicon wafers and glass panels. These "sandwiches" were fixed in brass tubes with an inner diameter 2 mm. Slices of 0.2 mm thickness were cut from the tube and polished to 80-90 µm thickness using SiC coated sandpaper. In the middle of the disks, conical cavities were produced using a dimple grinder (model 650, Gatan) and diamond polishing paste (Electron Microscopy Science) and holes were fabricated using a precision argon ion polishing system (model 691, Gatan). The samples were mounted on a double-tilt holder with maximum tilt angles of ±30°. The measurements were performed on an FEI Titan 80-300 equipped with a field-emission gun operating at 300 kV, a Gatan UltraScan 1000 (2k × 2k) camera and an EDX detector system TOPS 30 (EDAX). The results were evaluated using the Digital Micrograph 36 and ES Vision 37 software packages. SAED patterns were calculated applying the kinematical approximation and HRTEM images were simulated using the multislice method as implemented in the JEMS 38 and EMS program package.
39
X-ray powder diffraction X-ray powder patterns were recorded on a Huber G670 Guinier camera equipped with a fixed imaging plate and integrated read-out system using Cu K α1 radiation (Ge(111) monochromator, λ = 1.54056 Å). Specimens were prepared by crushing representative parts of the samples and fixing powders on Mylar foils using hair-fixing spray. Lattice parameters were determined by pattern fitting (Rietveld method) using TOPAS ACADEMIC 40 with structure models obtained from the singlecrystal structure analyses. Shifted Chebychev background functions were used, crystallite strain was described using a Voigt function and preferred orientation was refined with spherical harmonics of the 6 th order. All functions were implemented in the TOPAS program suite. Atomic coordinates were set equal for atoms sharing one position and one common isotropic displacement parameter each was used for anions and cations, respectively. . In order to measure high-angle data, a detector offset was used. The datasets were indexed and integrated using SMART 42 and SAINT. 43 Laboratory datasets were absorption corrected numerically using XRED 44 and XSHAPE; 45 synchrotron data consisted of several different datasets, which were combined and absorption corrected semiempirically using SADABS. 46 In both cases, the Laue symmetry 3m was applied. Joint least-squares refinements employing multiple datasets 19 were carried out with JANA2006. 47 The dispersion correction terms Δf′ and Δf″ were calculated from X-ray fluorescence spectra (energy-dispersive XFlash detector; Rontec) via the Kramers-Kronig transform 48 using the program CHOOCH. 49 The refinement aimed at determining the element distribution in the compounds simultaneously for each element on each crystallographic position; full total occupancy was assumed on all atom positions as suggested by the results of previous investigations. [22] [23] [24] Occupancy factors were constrained in order to fix the sum formula according to the result of the EDX measurements to prevent the overall scale factor from diverging. Elements with occupancy factors close to zero within their standard deviation (or slightly negative) were deleted on the respective positions until only elements with occupancy factors >3σ were present. Atomic coordinates and ADPs of atoms occupying the same site were set as equal. Cell parameters determined from powder samples have been used due to their higher precision. 
Thermoelectric properties
Commercial and in-house-built facilities of the DLR (Cologne) were used to determine the temperature dependence of the electrical and thermal conductivities as well as the Seebeck coefficient from room temperature up to approximately 500°C under a He atmosphere. Peltier influences on the measurement of the electrical conductivity were reduced by a fourpoint-probe setup using an AC method (low frequency method using 7 Hz). The electrical resistivity was calculated according to ρ = (1/G F ) × R, (G F : correction of cross section and thickness of the sample as well as distance between probe tips). For the determination of the Seebeck coefficient a small temperature gradient across the sample was established while slowly chan-ging the environment temperature in order to obtain Seebeck coefficients for each mean sample temperature. Type-N thermocouples were directly attached to the sample in order to measure both the Seebeck voltage and the temperature.
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The thermal conductivity was calculated from the thermal diffusivity (measured using a laser-flash apparatus, Netzsch LFA 427), the heat capacity (determined by differential scanning calorimetry, Netzsch DSC 404), and the density of the samples (measured using a Mohr's balance). The experimental errors were estimated at 5% for the electrical conductivity, 5% for the Seebeck coefficient, and 8% for the thermal conductivity. The data were calculated by averaging between heating and cooling measurements; the values were interpolated to get 50°C steps in order to calculate ZT and κ L .
